Recently we reported that L1CAM induces sustained nuclear factor kappa B (NF-κB) activation by augmenting the autocrine production of interleukin 1 beta (IL-1β), a process dependent on interaction of L1CAM with integrins. In the present study, we demonstrate that transforming growth factor β1 (TGF-β1) treatment of breast carcinoma (MDA-MB231) and PDAC (BxPc3) cell lines induces an EMT (epithelial to mesenchymal transition)-like phenotype and leads to the expression of L1CAM. In MDA-MB231 cells, up-regulation of L1CAM augmented expression of IL-1β and NF-κB activation, which was reversed by depletion of L1CAM, L1CAM-binding membrane cytoskeleton linker protein ezrin, β1-integrin or focal adhesion kinase (FAK). Over-expression of L1CAM not only induced NF-κB activation but also mediated the phosphorylation of FAK and Src. Phosphorylation was not induced in cells expressing a mutant form of L1CAM (L1-RGE) devoid of the integrin-binding site. FAK-and Src-phosphorylation were inhibited by knock-down of various components of the integrin signalling pathway such as β1-and α5-integrins, integrin-linked kinase (ILK), FAK and the phosphoinositide 3-kinase (PI3K) subunit p110β. In summary, these results reveal that during EMT, L1CAM promotes IL-1β expression through a process dependent on integrin signalling and supports a motile and invasive tumour cell phenotype. We also identify important novel downstream effector molecules of the L1CAM-integrin signalling crosstalk that help to understand the molecular mechanisms underlying L1CAM-promoted tumour progression.
Introduction
Tumour cells show a high plasticity allowing them to respond and adapt to environmental influences (1) . The pathological activation of the epithelial to mesenchymal transition (EMT) is a hallmark of aggressive tumours and has been implicated in the promotion of cancer cell invasion, metastasis and drug resistance (2) (3) (4) (5) (6) . EMT is characterized by a change in cell morphology, loss of epithelial characteristics, e.g. E-cadherin expression, and the acquisition of mesenchymal markers, e.g. vimentin (7, 8) . In vitro, EMT can be induced by different extracellular signals such as transforming growth factor β (TGF-β) (9) , epidermal growth factor (10) or ligation of the Notch receptor (11) . TGF-β has been described as one of the most potent EMT inducers for cultured cells (7) . We have recently observed that the L1 cell adhesion molecule (L1CAM) is up-regulated in endometrial carcinoma (EC) and pancreatic ductal adenocarcinoma (PDAC) by TGF-β treatment (12, 13) . In EC cells, the TGF-β1-induced upregulation of L1CAM is accompanied by a decrease in E-cadherin expression, which is blocked by knock-down of the transcription factor SLUG (12) . Similar results have been reported for PDAC cells (13) . Thus, under appropriate conditions, L1CAM is regulated in an EMT-like fashion.
L1CAM is a 200-220 kDa transmembrane glycoprotein of the immunoglobulin superfamily composed of six immunoglobulin-like domains and five fibronectin type III repeats followed by a transmembrane region and a highly conserved cytoplasmic tail (14) . It can interact with itself (homophilic) and with a variety of heterophilic ligands such as integrins, CD24, neurocan, neuropilin-1 and other members of the neural cell adhesion family (15) . In the nervous system, L1CAM promotes cell survival, migration and axon outgrowth (15) (16) (17) . In many human cancers, L1CAM is constitutively over-expressed and its expression is generally associated with poor prognosis and metastases formation (for review, see refs 17,18) .
Thus, the mechanisms of L1CAM signalling are of interest for the field of neurobiology and cancer research. It has been shown that L1CAM expression in neural and tumour cells activates the MAP kinase signalling pathway (19) (20) (21) (22) . Furthermore, L1CAM signals to the nucleus through a process termed regulated intramembrane proteolysis whereby the cytoplasmic part is sequentially cleaved by a disintegrin and metalloproteinase 10 and presenilins and can translocate into the nucleus (23) . Recently, L1CAM over-expression in tumour cells has been shown to induce nuclear factor kappa B (NF-κB) activation via enhanced production of interleukin 1 beta (IL-1β) in an integrindependent manner (24, 25) . The L1CAM-mediated NF-κB activation requires binding of the linker protein ezrin to the cytoplasmic portion of L1CAM and promotes liver metastasis formation (26) .
In the present study, we address the role of TGF-β1-induced L1CAM expression in the promotion of IL-1β production and NF-κB activation. We also extensively analyse the role of integrin downstream signalling in the L1CAM-mediated NF-κB activation and induction of IL-1β. Additionally, we prove on a functional level that TGF-β-induced L1CAM expression correlates with enhanced cell motility and cell invasion.
Material and methods

Chemicals and antibodies
Antibodies to the ectodomain of L1CAM (monoclonal antibody L1-11A, a subclone of UJ127.11 and monoclonal antibody L1-9.3) were described (22, 27) . The antibody to vimentin (Zymed, V9, Invitrogen, Eggenstein, Germany) has been described before (12) . Antibodies against β1-integrin, α5-integrin, ILK, FAK, Src, PI3Kβ and the phosphorylated residues FAK-Y925, Src-Y416, Akt-S473, and p65-S536 were obtained from Cell Signaling (New England Biolabs, Frankfurt a.M., Germany). Antibody directed against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was obtained from Santa Cruz (Heidelberg, Germany). Other antibodies used were β-Actin (Sigma-Aldrich, Taufkirchen, Germany), PI3K-p110β-Y384 (Abcam, Cambridge, UK) and phosphorylated IκBα-S32 (Epitomics, Biomol, Hamburg, Germany). Recombinant IL-1β was obtained from R&D Systems (Frankfurt, Germany).
Cell culture
The human cell line PT45-P1 was originally obtained from Dr Kalthoff (University of Kiel, Kiel, Germany) (28, 29) and retrovirally transduced with an empty vector (mock), full-length L1CAM (L1-FL) an L1CAM molecule with a mutation in the RGD sequence (L1-RGE) or an L1CAM molecule with a deletion of the cytoplasmic part (L1-1147) (23, 24) . The Kalthoff lab recently determined that the PT45-P1 cells were mixed up with the breast cancer cell line MDA-MB231 (30) . This was found out by DNA fingerprinting performed by DSMZ Braunschweig, Germany. We reconfirmed that our transduced cells were indeed MDA-MB231 cells (by testing the rare CD24 polymorphisms, rs3838646) (31) and renamed these cells MDA-MB231-L1CAM and MDA-MB231-mock. We received the authentic PDAC cell line PT45-P1 cells from Dr Kalthoff (University of Kiel) and transduced them with empty vector or L1CAM as described above (PT45-P1-mock, PT45-P1-L1CAM, respectively). The PDAC cell lines BxPc3 (L1CAM negative) and Panc-1 (L1CAM positive) were from ATCC-LGC (Wesel, Germany). All cell lines were cultivated in RPMI-1640 supplemented with 10% fetal calf serum at 37°C, 5% CO 2 and 100% humidity. For the induction of EMT, cells were cultivated in medium in the presence of HGF (5 ng/ml) or TGF-β1 (10 ng/ml) for 10 days.
Biochemical analysis
Cells were seeded into 6-well plates and treated as indicated. For cell lysis, 100 µl 2x NuPage LDS sample buffer (Invitrogen, Karlsruhe, Germany) were added per well and the lysates were sonicated. To analyse protein phosphorylation, cells were grown to 70% confluence in 10 cm plates. Lysis was performed with 100 µl PathScan Sandwich enzyme-linked immunosorbent assay (ELISA) Lysis Buffer (Cell Signaling) and lysates were centrifuged according to the manufacturer's protocol. Protein concentration was determined by protein assay (BCA, Thermo Fisher Scientific, Schwerte, Germany). SDS-PAGE and transfer of separated proteins to immobilon membranes using semi-dry blotting was described before (32) .
Flow cytometry
The staining of cells with monoclonal antibodies and PE-or Alexa488-conjugated secondary antibodies has been described (24, 33) .
Small interfering RNA transfection
All cells were transfected with Interferin (Polyplus, Illkirch, France) according to manufacturer's protocol. Small interfering RNA (siRNA) sequences are listed in the Supplementary Material, available at Carcinogenesis Online.
Quantitative real-time PCR
Quantitative real-time PCR (qRT-PCR) was performed as described before (23) . Primers for qRT-PCR were designed using the IDT primer quest software and were produced by MWG (Ebersberg, Germany). β-Actin was used as an internal standard. The sequences of primers used are available on request. In brief, qRT-PCR measurements were done in triplicates for each experiment and each experiment was repeated at least thrice. Data analysis was performed using the delta-delta Ct method. Bar charts depict results of a single representative experiment including technical variability across triplicates. In order to test the regulation effect for each cell line based on independent biological replicates, we performed a two-sided paired t-test (delta Ct_target gene versus delta Ct_reference gene; delta Ct = Ct_target gene − Ct_reference gene) with pairing according to experiment. Technical triplicates per experiment were averaged. Statistical significances of a minimum of three independent biological replicates are depicted in Supplementary Table 1, available at Carcinogenesis Online.
Luciferase assay
Cells (1 × 10 5 ) were seeded into 6-well plates, grown for 24 h and then subjected to jetPEI transfection (Polyplus) using 1 µg pGL3-(κB)3-Luc (firefly luciferase; T.Hofmann, DKFZ, Heidelberg, Germany) or pGL3-SV40-Luc (firefly luciferase) with 0.02 µg pRLTK (Renilla luciferase). The assay was carried out as described previously (24, 34) .
ELISA assays
Cells (1 × 10 6 ) were seeded into 10 cm plates and were grown for 48 h. Supernatants were concentrated by centrifugal ultrafiltration using Vivaspin concentrators (Sartorius Stedim, Göttingen, Germany). Levels of secreted human IL-1β were quantified using the Quantikine-HS human IL-1β immunoassay (R&D Systems). The ELISA was performed according to the manufacturer's instructions. Measured IL-1β concentrations were normalized to protein concentration of whole cell extracts determined in parallel. The NF-κB-specific ELISA was carried out as described in detail before (35) .
Transmigration and matrigel invasion assays
The transmigration assay has been described before (27) . Each experiment was done in quadruplicates and the mean values ± SD are presented. Tumour cell invasion in vitro was determined in a double-filter assay as described (22, 36) .
Statistical analysis
For the analysis of statistical significance the Student's t-test was used. P-values in the figures are indicated as follows: *<0.05, **<0.01 and ***<0.001.
Results
TGF-β1-induced EMT is associated with the up-regulation of L1CAM in carcinoma cells
TGF-β is a major inducer of EMT during development, tissue morphogenesis and carcinogenesis (2-6). We have recently demonstrated that treatment of EC cells with TGF-β1 induces expression of L1CAM (12) . To expand this observation to other cancer cell types, the breast cancer cell line MDA-MB231 and the PDAC cell line BxPc3 were treated with either TGF-β1 or hepatocyte growth factor (HGF) for 10 days and analysed for L1CAM expression. Only TGF-β1 induced L1CAM expression in both cell lines, as determined at the messenger RNA (mRNA) and protein levels ( Figure 1A-D) .
As we did not observe remarkable morphological changes (data not shown), we assessed the effects of TGF-β1 on the expression of protein markers to confirm EMT induction in the treated cell lines. The epithelial markers E-cadherin, keratin 8 and keratin 19 were downregulated in MDA-MB231 cells, whereas keratin 8 and keratin 19 were down-regulated in BxPc3 cells ( Figure 1A and 1B). Although not normally expressed by BxPc3 cells the mesenchymal marker vimentin became clearly detectable after TGF-β1 treatment and its expression was increased in the vimentin-positive MDA-MB231 cells. We also detected an up-regulation of the EMT-related transcription factor SLUG in both cell lines ( Figure 1A and 1B). Treatment of cells with HGF did not induce notable changes in gene expression ( Figure 1A -D). These results suggest that L1CAM induction is part of a functional TGF-β1-mediated cellular EMT programme.
EMT induction is accompanied by the up-regulation of IL-1β in carcinoma cells
Ectopic expression of L1CAM in MDA-MB231 cells induces IL-1β expression and NF-κB activation, which plays a major role in L1CAM functions (24) . We next analysed whether L1CAM up-regulation mediated through a more physiological stimulus, such as TGF-β1, activated similar signalling mechanisms. We observed that TGF-β1-induced L1CAM expression in MDA-MB231 and BxPc3 cells promoted a strong increase in IL-1β mRNA levels and enhanced secretion of the protein into the medium (Figure 2A and 2B). In contrast, HGF treatment neither up-regulated IL-1β mRNA expression nor enhanced its secretion (Figure 2A and 2B). Induction of L1CAM in MDA-MB231 cells was also accompanied by increased NF-κB activation as measured by an NF-κB-specific ELISA ( Figure 2A , right panel). Although BxPc3 cells secreted enhanced levels of IL-1β after TGF-β1 stimulation, no increase in NF-κB activation was observed ( Figure 2B , right panel). As autocrine activation of NF-κB by IL-1β requires the presence of a signalling competent IL-1β receptor, we examined the responsiveness towards recombinant IL-1β. MDA-MB231, PT45-P1 and Panc-1 cells had a strong activation of NF-κB, the BxPc3 cells showed a weak responsiveness (Supplementary Figure 1A , available at Carcinogenesis Online). It should be noted that BxPc3 cells exhibit high endogenous secretion of IL-1β and NF-κB activation (37, 38) , possibly accounting for their irresponsiveness to additional IL-1β. To confirm that the up-regulation of L1CAM in MDA-MB231 cells was instrumental for the increase in IL-1β levels, we depleted L1CAM by specific knock-down after TGF-β1-mediated EMT induction. Loss of L1CAM expression prevented IL-1β production ( Figure 3A ) and NF-κB activation ( Figure 3B ), supporting the hypothesis that TGF-β1-induced L1CAM promotes these signalling events during EMT.
Recently, binding of the membrane-actin cytoskeleton linker protein ezrin to L1CAM was found to be required for L1CAM-dependent NF-κB activity pointing to the importance of the L1CAM cytoplasmic domain in L1CAM signalling (26) . In line with this study, we confirm the requirement of an intact cytoplasmic domain for L1CAM-dependent NF-κB activation. The L1-1147 mutant, which lacks the cytoplasmic tail, failed to promote IL-1β secretion and NF-κB activation when stably expressed in MDA-MB231 cells (Supplementary Figure 1E , available at Carcinogenesis Online). We also demonstrate that knock-down of ezrin in TGF-β1-treated MDA-MB231 cells After incubation with the primary antibody, blots were incubated with the respective peroxidase-conjugated secondary antibody followed by enhanced chemiluminescence detection. Representative blots of n ≥ 3 experiments are shown. Note that E-cadherin was undetectable in MDA-MB231 cells.
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abolished the L1CAM-induced expression of IL-1β ( Figure 3E ). Thus, our data provide first evidence for a link between the role of ezrin in L1CAM-mediated NF-κB activation and L1CAM-dependent IL-1β induction, which is also supported by L1CAM-integrin interactions.
Integrin signalling mediates L1CAM-dependent IL-1β expression during EMT
Various reports have implicated a crosstalk of TGF-β and integrin signalling during EMT (39, 40) . Using siRNA knock-downs of L1CAM, α5-integrin or integrin-linked kinase (ILK), we have recently shown that L1CAM-α5-integrin interactions are instrumental for the L1CAM-mediated IL-1β induction (24) . To analyse whether integrin signalling is also relevant for IL-1β expression in TGF-β1-stimulated L1CAM expressing cells, we depleted the β1-integrin subunit (forms the α5β1 heterodimer) and the integrin-associated focal adhesion kinase (FAK) by siRNA-mediated knock-down ( Figure 3C and 3D) . Loss of either β1-integrin or FAK led to a reduction of IL-1β levels ( Figure 3C and 3D) , supporting the role of integrin signalling in the L1CAM-mediated IL-1β induction during EMT.
L1CAM-dependent integrin signalling is required for NF-κB activation
To dissect L1CAM-mediated activation of integrin downstream signalling in more detail, we used MDA-MB231 cells and the PDAC cell line PT45-P1 stably transduced with empty vector (mock) or L1CAM
[ (24) and Supplementary Figure 2A Integrin activation and ligand binding is followed by binding of intracellular proteins like ILK, FAK and Src, which are key regulators of integrin downstream signalling (41, 42 ). An early event in the integrin signalling pathway is the auto-phosphorylation of FAK-Y397 and Src-Y416 leading to their activation (41) . We observed 2-fold increased phosphorylation of FAK at Y397 in L1CAM expressing MDA-MB231 cells, when compared with mock cells (Figure 4A ). L1CAM expression further resulted in the increased phosphorylation of Src at Y416, which was accompanied by FAK phosphorylation at the Src-specific site Y925 ( Figure 4A ). In addition to the increased activation of the integrin signalling components, an enhanced phosphorylation of the NF-κB subunit p65 at S536 was observed in L1CAM expressing cells ( Figure 4A ). As integrin activation induces signalling pathways, which are also regulated by TGF-β1, including the PI3-kinase-Akt pathway (40, 43) , we analysed the phosphorylation of PI3K subunit p110β and Akt-S473. The phosphorylation of both signalling components was increased in MDA-MB231-L1CAM cells ( Figure 4A ). Similar activation of FAK-Y397 and Akt-S473 was also observed in PT45-P1 cells expressing L1CAM (Supplementary Figure 2E , available at Carcinogenesis Online).
We have previously demonstrated that the L1CAM-RGE mutant (L1-RGE), which is deficient in integrin binding, is incapable of inducing L1CAM-mediated IL-1β expression and NF-κB activation when expressed in MDA-MB231 cells (24) . L1-RGE failed to activate the integrin signalling pathway as phosphorylation of the tested kinases was impaired compared with L1CAM-transduced cells ( Figure 4A ).
Supporting the role of L1CAM-integrin signalling in NF-κB activation, we detected increased expression of the NF-κB target genes IκBα, IL-6, IL-8 and IL-13 in MDA-MB231-L1CAM cells shown. NF-κB activity was measured using a phospho-p65-specific ELISA. Pooled data from n ≥ 3 experiments are shown.
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( Figure 4B ), whereas no significant changes in gene expression were observed in L1-RGE expressing cells when compared with mock transfected cells ( Figure 4B ). Likewise, in PT45-P1-L1CAM cells, we detected strong induction of IκBα, IL-6 and IL-8 mRNA expression (Supplementary Figure 2F , available at Carcinogenesis Online). These data demonstrate for the first time that L1CAM-integrin interactions mediated through the L1CAM-RGD-binding site activate classical integrin downstream signalling, ultimately leading to NF-κB activation.
L1CAM and integrin signalling in Panc-1 cells
To expand these observations to a cell line endogenously expressing L1CAM, we analysed the effect of L1CAM depletion on integrinassociated kinases in Panc-1 cells. We have previously shown that 
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IL-1β expression and constitutive NF-κB activity depend on L1CAM in these cells (24) . Here we observed that L1CAM depletion also led to reduced phosphorylation of FAK-Y397, FAK-Y925, Src-Y416, PI3Kβ-Y384, Akt-S473 and p65-S276 ( Figure 4C ). qRT-PCR analysis of mRNA derived from L1CAM-depleted cells showed that the expression of the above mentioned NF-κB target genes IκBα, IL-6, IL-8 and IL-13 was impaired, as well ( Figure 4D ). To validate the role of integrin signalling in Panc-1 cells, we employed siRNA-mediated knock-down of various components of the integrin signalling pathway including α5-integrin, β1-integrin, ILK, FAK and the PI3K subunit p110β. Knock-down efficiency was determined by qRT-PCR and western blot analysis (Supplementary Figure 3 , available at Carcinogenesis Online) and the phosphorylation status of FAK-Src and Akt was analysed (Supplementary Figure 4 , available at Carcinogenesis Online).
We observed that the elimination of each component resulted in a diminished IL-1β expression and NF-κB activation ( Figure 5A-F) and strongly reduced transcription of IL-8, a well-known NF-κB target gene (data not shown). Taken together, these data confirm that L1CAM-mediated integrin signalling leads to activation of FAK and Src culminating in the increased expression of IL-1β, a prerequisite for constitutive NF-κB activity.
L1CAM-triggered NF-κB activity augments cell migration and invasion
EMT has been associated with an increased migration and invasiveness of tumour cells (2, 3) . Previous work has shown that L1CAM triggers cell migration and invasion (20, 27, 44) . In our setting, L1CAM over-expression, as well as TGF-β treatment, increased the cell migration on type I collagen in a transwell migration assay ( Figure 6A ) and we observed similar effects on cell invasion in matrigel invasion assays ( Figure 6B ). To investigate whether L1CAM expression accounted for TGF-β1-induced cell invasion, we used siRNA knockdowns to deplete L1CAM from TGF-β1-treated MDA-MB231 cells. Loss of L1CAM significantly reduced cell invasion ( Figure 6C ), which was also blocked by the specific NF-κB inhibitor parthenolide ( Figure 6D ).
These data confirm and extend the previous findings that L1CAM expression drives migration and invasion, suggesting that cooperation of L1CAM with integrins induces NF-κB activity, which in turn promotes a motile and invasive cancer cell phenotype.
Discussion
Although L1CAM is widely expressed in neural cells and overexpressed in a variety of human carcinomas, L1CAM-dependent signalling capabilities are still incompletely understood and mainly described in non-tumour cells. Herein we demonstrate that L1CAM expression is up-regulated in carcinoma cells by treatment with the EMT inducer TGF-β1. Concomitant with and dependent on L1CAM expression, we observe augmented production of IL-1β, activation of NF-κB and enhanced expression of NF-κB target genes in several cancer cell lines. We show that L1CAM-mediated NF-κB signalling functions through the activation of the integrin-FAK-Src-Akt signalling pathway, dependent on an intact RGD-integrin binding sequence in the L1CAM molecule. Thus, our results unravel for the first time an L1CAM-dependent signalling pathway in which L1CAM acts as a ligand for integrins thereby promoting NF-κB activation. This pathway (termed L1CAM reverse signalling) should be considered as an independent pathway, in addition to the previously described signalling of L1CAM via nuclear translocation of the C-terminal proteolytic fragment (termed L1CAM forward signalling) (25) .
In a previous study, we have shown that L1CAM is induced by TGF-β1 treatment in EC and PDAC cells (12, 13) . Here we expand our observations and demonstrate that TGF-β1 treatment of other cell lines including MDA-MB231 and BxPc3 induces an EMT-like phenotype with loss of epithelial markers (reducing keratins 8 and 19, and E-cadherin in the case of MDA-MB231) and enhanced expression of the mesenchymal marker vimentin and the transcription factor SLUG. Importantly, L1CAM expression parallels the up-regulation of vimentin and SLUG. This is in line with recent immunohistochemical analysis supporting the hypothesis that L1CAM is up-regulated by cancer cells as part of the EMT process. L1CAM expression on EC and lung cancer tissue sections was confined to areas with loss in E-cadherin expression (12, 45) .
Recently, we provided evidence that ectopic expression of L1CAM in MDA-MB231 cells is intimately linked to NF-κB activation via the induction of IL-1β, a classical inducer of NF-κB transcriptional activity (24) . In this study, we extend these findings to the PDAC cell line PT45-P1 and show increased IL-1β production and NF-κB activation in response to L1CAM expression. Including PT45-P1 cells into the study was of significance due to the mix-up of cell lines as described in the Materials and methods section. Importantly, not only the ectopic expression of L1CAM in cancer cell lines from different tumour types but also the physiologic induction of L1CAM by TGF-β1 in MDA-MB231 cells and the PDAC cell line BxPc3 induced L1CAM-dependent IL-1β production. Collectively, these data support a more general role of L1CAM in the regulation of IL-1β expression independent of the tumour type.
Our previous work in MDA-MB231 cells demonstrated that integrin signalling is instrumental for the induction of IL-1β expression and NF-κB activation, and that the knock-down of α5-integrin or the integrin-associated adapter molecule ILK abolished IL-1β induction and subsequent NF-κB activity (24, 46) . Herein we show that also TGF-β1-induced IL-1β expression was dependent on the expression of L1CAM, β1-integrin and FAK. In Panc-1 cells, depletion of L1CAM, as well as of β1-integrin, ILK, PI3Kβ and FAK, also prevented IL-1β production and NF-κB activity. In addition to IL-1β, we also observed down-regulation of other common NF-κB target genes, i.e. IκBα, IL-6, IL-8 or IL-13. These data suggest that the interaction of L1CAM with integrins is essential to stimulate NF-κB activity and NF-κB-dependent gene regulation.
L1CAM is known to bind integrins such as α5β1-or αv-integrins and several reports have shown a link between the expression of L1CAM and enhanced FAK activation (47) (48) (49) . The kinases FAK, Src and PI3Kβ were described as classical components of integrin signalling (42, 50) . Using the MDA-MB231 L1CAM over-expression model, we unravelled an L1CAM-dependent signalling pathway in which the L1CAM molecule acts as an integrin ligand inducing the phosphorylation of the downstream signalling components FAK, Src, PI3K and Akt, leading to NF-κB activation. In contrast, the kinases were not phosphorylated in cells expressing the mutant L1-RGE form devoid of integrin-binding capacity, underlining the importance of direct L1CAM-integrin interaction via the RGD-binding site.
Tumour cells often express both L1CAM and L1CAM-binding integrins such as α5β1-or αv-integrin simultaneously. We favour the interpretation that L1CAM-integrin interactions occur in trans (in opposing membranes). However, we cannot formally rule out a binding in cis (i.e. in the same membrane) (see model Figure 6D ).
In addition to the role of L1CAM interactions through the extracellular domain a recent study pointed to the importance of the L1CAM cytoplasmic domain in L1CAM-induced NF-κB activitation. The authors show that ezrin, an adapter molecule that can bind to the cytoplasmic part of L1CAM (51) and other adhesion molecules, is required for L1CAM-mediated NF-κB activity in colon cancer cells (26) . Our study demonstrates a role of ezrin in the L1CAM-mediated induction of IL-1β in TGF-β1-treated MDA-MB231 cells. We show that ezrin knock-down prevents IL-1β production and NF-κB activation. Similar results were obtained in MDA-MB231-L1CAM overexpressing cells (H.Kiefel, unpublished results). Taken together our data provide a link between ezrin and the L1CAM-integrin signalling platform in the induction of NF-κB signalling during EMT.
EMT and NF-κB activation promote metastasis of breast cancer cells (52) . L1CAM expression enhances cell motility, increases matrigel invasion, augments tumour growth in NOD-Scid mice and metastases formation (20-22,26,27,44,53-55 ). L1CAM-driven metastasis of colon cancer cells to the liver is inhibited by over-expression EMT and L1CAM signalling of a NF-κB superrepressor (26) . In line with this study, we found that either L1CAM over-expression or TGF-β1 treatment augmented migration and invasion of MDA-MB231 cells. The enhanced invasion was blocked by knock-down of L1CAM or by treatment of cells with the NF-κB inhibitor parthenolide. Our results suggest that L1CAM-augmented NF-κB activity is a driving force in promoting cell invasion and motility that are essential for tumour metastasis.
In previous studies, we have investigated the signalling mechanisms of L1CAM in human tumours that were summarized in a recent review article (25) . The results in this report add a more detailed investigation of the downstream elements of L1CAM-integrin signalling (see model Figure 6E ). These novel insights will contribute to our understanding of the role of L1CAM in tumour progression. The eluted dye was measured at 595 nm in an ELISA reader. Each determination was done in quadruplicates. The migration of mock cells was set to 100%. Pooled data from n = 3 independent experiments are shown. (B) Analysis of matrigel invasion. Indicated cells were seeded into a 4-well plate and were allowed to invade into matrigel using a double filter assay. After 22 h the invaded cells adhering to the top of the second membrane were counted after staining with 4′,6-diamidino-2-phenylindole. Data are given as % invaded cells after correction for cell proliferation. (C) The indicated cells were depleted for L1CAM by siRNA-mediated knock-down and invasion was analysed as described above. A representative experiment from n = 3 independent experiments is shown. (D) The described invasion assay was performed in the presence of 1 µM parthenolide or dimethyl sulfoxide as control. A representative experiment from n = 3 independent experiments is shown. (E) Schematic illustration of L1CAM-mediated integrin signalling. L1CAM triggers integrin signalling through the phosphorylation and activation of the downstream components FAK, Src and PI3K. Activation of integrin signalling leads to elevated levels of IL-1β expression on the mRNA and protein level. Secreted IL-1β binds in an autocrine fashion to the IL-1β receptor. Triggering of the receptor leads to constitutive NF-κB activation. Note that IL-1β is both a target gene for NF-κB and an activator of NF-κB. It is therefore possible that NF-κB activation occurs first leading to increased IL-1β production.
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